Context. VISTA Variables in the Vía Láctea (VVV) is one of the six ESO Public Surveys operating on the new 4-meter Visible and Infrared Survey Telescope for Astronomy (VISTA). VVV is scanning the Milky Way bulge and an adjacent section of the disk, where star formation activity is high. One of the principal goals of the VVV Survey is to find new star clusters of different ages. Aims. In order to trace the early epochs of star cluster formation we concentrated our search in the directions to those of known star formation regions, masers, radio, and infrared sources. Methods. The disk area covered by VVV was visually inspected using the pipeline processed and calibrated KS-band tile images for stellar overdensities. Subsequently, we examined the composite JHKS and ZJKS color images of each candidate. PSF photometry of 15 × 15 arcmin fields centered on the candidates was then performed on the Cambridge Astronomy Survey Unit reduced images. After statistical field-star decontamination, color-magnitude and color-color diagrams were constructed and analyzed. Results. We report the discovery of 96 new infrared open clusters and stellar groups. Most of the new cluster candidates are faint and compact (with small angular sizes), highly reddened, and younger than 5 Myr. For relatively well populated cluster candidates we derived their fundamental parameters such as reddening, distance, and age by fitting the solarmetallicity Padova isochrones to the color-magnitude diagrams.
Introduction
It is a well established fact that the majority of stars with masses >0.50 M ⊙ form in clustered environments (e.g. Lada & Lada 2003 , de Wit at al. 2005 . Therefore, in understanding the formation, evolution, dynamics, and destruction of star clusters gain insights into the formation, evolution, and dynamics of galaxies. Estimates indicate that the Galaxy presently hosts 35000 or more star clusters (Bonatto et al. 2006 , Portegies Zwart et al. 2010 . However, only about 2500 open clusters have been identified and constitute a sample affected by several well known selection effects. Less than a half of these clusters have actually been studied, and this subset suffers from further selection biases. Around 1300 clusters, mainly in the infrared have been discovered through automatic or semi-automatic searches of large scale survey data products from DSS, 2MASS, DENIS and GLIMPSE (e.g. , Mercer et al. 2005 , Froebrich, Scholz & Raftery 2007 , Glushkova et al. 2010 . Expectations are that the new generation of all sky surveys (UKIDSS, the VISTA-based VHS and VVV, and Gaia) will add many more. Indeed, a new Galactic globular cluster candidate has been detected already by Minniti et al. (2011) on the initial VVV bulge images.
VVV is one of the six ESO Public Surveys selected to operate with the new 4-meter VISTA telescope (Arnaboldi et al. 2007) . VVV is scanning the Milky Way (MW) bulge and an adjacent section of the mid-plane, where star formation activity is high. The survey started in 2010, and it was granted 1929 hours of observing time over a five year period. It covers an area of 520 deg 2 , and is expected to produce a catalog of ∼ 10 9 point sources (Minniti et al. 2010 , Saito et al. 2010 . One of the main goals of the VVV Survey is a study of star clusters of different ages in order to build a homogeneous, statistically significant sample in the direction of the Galactic center, thus complementing recent catalogs which are complete up to only 1 kpc from the Sun (version 3.1, 24/nov/2010 of the Dias et al. 2002 catalog; see also Lamers et al. 2005; Piskunov et al. 2008) . A sample thus obtained will be used to: 1.) carry out a census of the MW open clusters projected towards the central parts of the Galaxy and in the southern disk covered by VVV; 2.) to establish the contamination by star-cluster like statistical fluctuations in the background and holes in the dust; 3.) to estimate relative cluster formation efficiency in the MW; 4.) to estimate the role of disruption effects; 5.) to put some constraints on the Initial Mass Function; 6.) to compare the Galactic open cluster systems with those of the LMC, SMC, and other extragalactic cluster populations; as well as addressing many other questions. The results presented in this paper are part of a larger program aimed at characterizing the hidden star cluster population in the Galaxy (Borissova et al. 2003 (Borissova et al. , 2006 Ivanov et al. 2002 Ivanov et al. , 2005 Ivanov et al. , 2010 Ivanov et al. , 2011 Kurtev et al. 2007 Kurtev et al. , 2008 Kurtev et al. , 2009 , Longmore et al. 2011 . Initially, the project was based on cluster candidates identified from 2MASS (Skrutskie et al. 2006 ) and the Spitzer Space Telescope Galactic Legacy Infrared MidPlane Survey Extraordinaire (GLIMPSE, Benjamin et al. 2003) survey. To date we have confirmed three massive star clusters -DBSB 179 , Mercer 30 and Send offprint requests to: J. Borissova ⋆ Based on observations gathered with VIRCAM, VISTA of the ESO as part of observing programs 172. B-2002 Mercer 23 (Mercer et al. 2005 ) with masses approaching 10 4 solar masses. We also confirmed several new globular clusters (FSR1735, Mercer 3, Kurtev et al. 2008; and Mercer 5, Longmore et al. 2011) .
After the first year of the VVV survey we have at our disposal JHK S images of almost the whole disk and bulge area covered by the survey, and ZY images for the disk area. In this paper we report the first results of our focused search for new star cluster candidates in the disk area covered by VVV. We concentrated our search towards known star forming regions associated with: methanol maser emission; hot molecular cores (Longmore et al. 2009 ); galactic bubbles outlined by GLIMPSE (Churchwell et al. 2006 (Churchwell et al. , 2007 ; infrared and radio sources in order to trace the early epochs of star cluster formation.
Observations and Data Reduction
The VIRCAM (VISTA Infrared CAMera; Dalton et al. 2006 ) is a 16 detector-array 1.65 deg 2 infrared camera. Each 2048 × 2048 detector is sensitive over λ =0.8-2.5 µm, and it delivers images with an average pixel scale of 0.34 arcsec px −1 . A single exposure corresponds to a patchy individual "paw print" coverage on the sky. To fill the gaps, and to obtain a contiguous image, six shifted paw-prints are combined into a "tile" covering 1.5 deg by 1.1 deg, which in the case of VVV, are aligned along Galactic l and b respectively. The total exposure time of a single tile is 80 sec. To cover the VVV survey area, the disk field is then divided into 152 tiles. The data reduction was carried out in the typical manner for infrared imaging, and detials of the procedure are described in Irwin et al. (2004) .
Cluster Search
Since we were expecting relatively faint and heavily reddened clusters undiscovered in the 2MASS, DENIS, and the GLIMPSE surveys, we first retrieved the pipeline processed and calibrated ZY JHK S tile images from the Cambridge Astronomical Survey Unit (CASU) VIRCAM pipeline v1.0, Irwin et al. 2004 ) to visually inspected the K S -band tile images for stellar over-densities in the Galactic disk. We then checked the candidates on the composite JHK S and ZJK S color images. Fig. 1 illustrates the process for a typical open cluster candidate, that of VVV CL036. As can be seen, the Z and Y images do not contain any over-density of stars, while on the H and K S images the cluster candidate is obvious. The last image in Fig. 1 shows the composite ZJK S color image of the cluster and the separation between most probable cluster members (red) and field stars (blue). Prior to the use of color-magnitude diagrams our main criterion to define star cluster candidates were a visually compact appearance, distinctive from the surrounding field and with at least 10 stars with similar colors belonging to this cluster candidate.
PSF photometry of 15 × 15 arcmin fields surrounding each selected candidate was then performed on the CASU reduced images. We used DAOPHOT-II software (Stetson 1987) within the Image Reduction and Analysis Facility (IRAF 1 ). The PSF was obtained for each frame using approximately a few dozen uncontaminated stars. The typical internal photometric uncertainties vary from 0.005 mag for stars with K S ∼13 mag to 0.15 mag for K S ∼18 mag. The J, H and K S photometry was uniformly calibrated against the 2MASS Point Source Catalog (Skrutskie et al. 2006) generally using several hundred stars in common by leastsquares linear regression. For the Z and Y filters we used zero points given in CASU catalogs. Where possible the saturated stars (usually K S ≤ 13.5 mag) were replaced by 2MASS point source catalogue stars.
Field-star decontamination
In general, poorly-populated clusters, and/or those containing high fractions of faint stars, require field-star decontamination for the identification and characterization of the cluster members. The images of the candidates (Figs. 1 and 4) clearly show that the decontamination is essential to minimize confusion with the red dwarfs of the Galactic field.
For this purpose we used the field-star decontamination algorithm described in Bonatto & Bica (2010, and references therein) , adapted to exploit the VVV photometric depth in H and K S . The first step was to define a comparison field that, depending on the distribution of stars, clusters or extinction clouds in an image, may be the form of a ring around the cluster or other different geometry. The algorithm divides the full range of magnitude and colors of a CMD into a 3D grid of cells with axes along K S , (H−K S ) and (J−K S ). Initially, cell dimensions were ∆K S =1.0 and ∆(H−K S )=∆(J−K S )=0.2 mag, but sizes half and twice those values were also used. We also applied shifts in the grid positioning by ±1/3 of the respective cell size along the 3 axes. Thus, the number of independent decontamination outputs amounted to 729 for each cluster candidate. For each cell, the algorithm estimated the expected numberdensity of member stars by subtracting the respective fieldstar number-density 2 . Thus, each grid setup produced a
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Fig. 2. Stellar surface-density σ(stars arcmin
−2 ) of VVV CL036. The radial density profile produced with the raw photometry is shown to the left and the right images show the field after statistical decontamination.
total number of member stars N mem and, repeating the above procedure for the 729 different setups, we obtained the average number of member stars N mem . Each star was ranked according to the number of times it survived after all runs (survival frequency) and only the N mem highest ranked stars were taken as cluster members. For the present cases we obtained survival frequencies higher than 90%. Further details about the algorithm are described in Bonatto & Bica (2010) . In Fig. 2 are shown the large-scale spatial distribution of the stellar surface-densities (σ, in units of stars arcmin −2 ) of VVV CL036, built with the raw (left panels), and field-star decontaminated (right) photometry. The decontaminated CMD of VVV CL036 is shown in Fig. 3 .
Catalog of the Cluster Candidates
Preliminary analysis of the color-magnitude and color-color diagrams reveals 96 previously unknown star cluster candidates or young stellar groups. In Table 1 we list their basic properties. The first column of the table gives the identification followed by: the equatorial coordinates of the cluster candidate's center determined by eye, the number of most probable cluster members after statistical decontamination, eye-ball measured apparent cluster radius in arcsec, the VVV tile name, and comments about the nature of the object. The comments include details taken from the SIMBAD database such as: presence or absence of nebulosity (H II region) around the cluster; known nearby infrared, radio, and X-ray sources; young stellar objects (YSO); outflow candidates and masers. It should be noted that IRAS positions could have discrepancies of an arcminute or more (particularly if the sources are bright at 60-100 µm and not at 12-25 µm). Therefore we have listed IRAS sources within 100 arcsec of our detected clusters (and provided the separations of these with a proximity≥10 arcsec). The VVV survey area with the tile numbers is plotted in Fig. 5 with the new star cluster candidates from Table 1 overplotted. By the time of this work all disk tiles were available in the CASU database except those of d037 and d133, which represents 99% of the VVV disk area, or 248 deg 2 . The spatial distribution of the detected objects on the sky indicates that they are found mainly within Galactic longitude b = ±1.5 deg and shows two peaks in Galactic latitude at l = 310 and 330-340 deg.
During the visual inspection we rediscovered 50 of 96 star cluster candidates situated in the VVV disk area from the catalog, 65 of 70 star cluster candidates from Mercer et al. (2005) , as well as many clusters from WEBDA (Dias et al. 2002) database. The VVV true color images of three of them are given in Fig. 6 . We did not identify any new cluster candidate similar to Westerlund 1 (right panel). However, it is hard to estimate the completeness of the catalog presented here with respect to the num- ber of undiscovered clusters in the VVV disk area, as we focused our search towards known radio or mid-IR sources in order to identify young clusters with nebulosity and compact objects. These can be easily missed by automated search algorithms because the photometry in those regions is affected by abundant extended emission. Most probably the automated searches will discover many more lessconcentrated cluster candidates, although they may still prove unreliable in providing a complete sample.
The cluster radii were measured by eye on the K S 80 second VVV tile images. This method was preferred over automated algorithms, because the majority of our objects are embedded in dust and gas. The area around cluster candidates is smoothed and the density contours are overplotted with the lower limit of the contour equal to the density of comparison field. The mean radius of the sample is 34±18 arcsec. Here the uncertainty represents the standard deviation of the mean value. This calculated value is smaller than the mean values of 47 ± 17 arcsec, and 42 ± 22 arcsec, calculated for the Dutra et al. (2003) and Mercer et al. (2005) clusters respectively for the VVV disk area. The histogram of the number of star clusters vs. 10 arcsec binned radius is shown in Fig. 7 . It can be seen that most of the clusters have a radius between 20 and 30 arcsec, clearly showing that deep infrared surveys such as VVV allow us to find new faint and compact (with small angular sizes) clusters.
Another possible indication of the richness of the clusters is the number of most probable cluster members, which are given in Column 4 of Table 1 . We have to remind the reader however, that the cluster members are selected by statistical decontamination and the 90% completeness limit of the decontaminated data is K S =15.5-16.5 mag, dependant on crowding and differential reddening. The saturation of the brightest stars additionally complicates the situation, because in some cases it is not possible to replace them directly with 2MASS measurements. Often one 2MASS measurement represents 2 or 3 stars on the VVV images. All above comments have to be considered when determining the distribution of the cluster candidates by the number of most probable cluster members, shown in the lower panel of Fig. 7 . This histogram presents a peak between 10-20 cluster members per cluster. Only 13 clusters have more than 50 members. The small number of cluster members, however, can be also due to the compact nature of the cluster, large distance and/or differential reddening.
The cluster nature of many of the objects listed in Table 1 needs to be confirmed with deeper high-resolution imaging and spectroscopy. Nevertheless we attempted to make some preliminary classification of the objects based on the morphology of decontaminated color-magnitude and color-color diagrams. Any additional information from the literature was also considered: a nebulosity associated with the object is interpreted as an indicator of youth if it is accompanied by a Main Sequence (MS) and/or Pre-Main Sequence (PMS) on the CMD. The presence of masers, radio, and IR sources within the bounds of the candidate, or of reddened fainter sources that might represent a PMS population, also indicate a young object. Fig. 8 shows a clear correlation between GLIMPSE dust structures and projected position of our star cluster candidates.
According to Plante & Sauvage (2002) the typical age of embedded clusters is between 1 and 4 Myr, while the classical open clusters have ages from 10 6 to ∼10 9 years. Thus, the candidates with a MS, but lacking any signatures of youth, are considered as classical open clusters with their ages needing to be determined by isochrone fitting. According to the last column of Table 1 , 80 of 96 of our clusters are embedded or very close to nebulosity, while in most of the cases IR, radio, maser, and/or YSO sources are located nearby according to the SIMBAD database. Thus, we infer from the proximity to these sources that ∼ 85% of cluster candidates and stellar groups are younger than 5 Myr. This is in agreement with a Galactic disk active in star formation model. 
Parameters of some VVV cluster candidates
Visible and near-IR data, both imaging and spectroscopy, are normally needed to characterize the main physical parameters of the cluster population (Hillenbrand 1997) . Unfortunately, our cluster candidates are practically invisible in the optical. However, follow-up spectroscopy is in progress in the near-IR. As we have at our disposal the near-infrared color-magnitude and color-color diagrams, we can obtain some initial estimates of basic cluster parameters such as reddening, distance, and age. But we note that this is only particularly effective for the relatively well populated cluster candidates.
The mean reddening (interstellar absorption) is well determined from the J −H vs. H −K S color-color diagram. To illustrate the process we show in Fig. 9 the decontaminated J − H vs. H − K S color-color diagram of VVV CL062. The intrinsic colors of the MS stars (Schmidt-Kaler 1982) and giant branch (Koornneef 1983) are overplotted. The reddening vectors (Bessell et al. 1998 ) which encompass the MS stars correspond to a visual extinction of 15 magnitudes. Clearly, Fig. 9 indicates that most of the stars are reddened main-sequence stars. The color spread of cluster members, however, is much larger than the typical photometric errors of 0.05 mag, suggesting large differential extinction. The locus lies between the two parallel dotted lines and the calculated mean value and the standard deviation of the fit for this cluster are A V =14.7±0.9 mag. Sources located to the right and below the reddening line may have excess emission in the near infrared (IR-excess sources) and/or may be pre-main sequence stars.
Most of the objects in our catalog are young and highly obscured/extinguished clusters (see Table 1 ). The clusters younger than ∼ 30 Myr are expected to be affected by differential internal reddening. Indeed, Yadav & Sagar (2001) show that differential reddening tends to increase towards younger ages, in some cases reaching ∆A V up to 3 mag. Unfortunately, we do not yet have enough information to be able to simply estimate the level of differential reddening, as the characteristics of the ISM near the clusters, as well as the profile of extinction between us and the clusters are unknown. If all the extinction is due to a non-uniform thin screen immediately in front of a cluster, then the standard deviation of the extinction to each star (i.e. the measurement of differential reddening) could be as much as twice the mean extinction of stars within the cluster (Fischera & Dopita 2004) . If a cluster is embedded in a cloud which produces much of the extinction along the line of sight to the cluster, we would not only get a contribution to differential extinction from the angular position of each star, but also from its distance, as more distant stars would be, on average, more heavily extinguished.
We attempt to negate the effect of differential reddening by employing the reddening free parameter Q = (J − H) − 1.70(H − K S ), as defined by Negueruela et al. (2007) for OB stars (see also Catelan et al. 2011 , for a list of several other reddening-free indices, in the ZYJHK system). We chose this parameter in order to avoid the intrinsic degeneracy between reddening and spectral type (and since we expect to find early OB stars in the majority of the clusters in our sample). The bottom-right panel of Fig. 9 shows this reddening free parameter vs. K S magnitude. According to Negueruela et al. (2007) the OB stars will have Q ≃ 0.0 in the diagram, whilst stars with Q < −0.05 and large values of (J − K S ) can be classified as infrared excess objects and therefore PMS candidates. The preliminary separation between reddened OB stars and PMS stars can be very useful for analysis of the color-magnitude diagrams and especially for isochrone fitting.
In general, without the distance of at least 2-3 cluster members having been estimated by spectroscopic parallax and/or knowledge of differential reddening, measurement of the distance and age using only IR photometry is uncertain. Therefore we give only initial estimates for these parameters that can be used for some studies, but that must be confirmed with follow up observations.
The photometric distance and age can be estimated simultaneously by fitting the observed color-magnitude diagram with solar-metallicity Padova isochrones (Girardi et al. 2010 ) computed with the 2MASS J, H, and K s filters. Starting with the isochrones set to zero distance modulus and reddening, we apply shifts in magnitude and color until the fitting statistics reach a minimum value (i.e. difference in magnitude and color of the stars from the isochrone should be minimal). The closest, younger and older fitting solutions were used to provide the age uncertainties. To avoid the dependence of such calculated uncertainties on the resolution of the model grid used, we adopted the largest, most conservative value as the error of age determination. Fig. 10 shows the adopted fits superimposed on the decontaminated CMDs for some of the clusters. Parameters derived from the isochrone fit are the true distance modulus (m−M) 0 , age, and reddening E(J−K S ). Reddening estimates can be converted to E(B−V ) and A V using the equations E(J−K S )=0.56×E(B−V ) and A KS /A V = 0.118, which assume A V =3.1×E(B−V ) (Dutra et al. 2002) . These estimates are presented in Table 2 .
Summary
In this paper we report the discovery of 96 near-infrared open clusters and stellar groups, found in the Galactic disk area using the "VVV -Vista Variables in the Vía Láctea" ESO Large Survey. Our search concentrated in the direc- Fig. 10 . VVV CMDs of (from upper left to bottom right) VVV CL008, VVV CL009, VVV CL039, VVV CL047, VVV CL070, VVV CL095. The statistically decontaminated CMDs are shown as red filled circles, the comparison field as gray filled circles. The best isochrone fit (Girardi et al. 2010 ) is plotted as a solid line, while the dotted lines represent the closest younger and older solutions.
tions of known star formation regions, masers, radio, and infrared sources.
The statistics of the foreground reddening of the known Galactic open clusters (e.g. WEBDA, and Fig. 4 of Bonatto et al. 2006) shows that by far the majority of them have A V ≤3 mag, with very few having A V =5-6 mag. Table 2 shows that VVV is really digging deep in the dust, with a mean A V = 11 mag and reaching values of A V = 20 mag. This highlights the potential of the VVV survey for finding new open clusters, especially those hiding in dusty regions. Most of the new cluster candidates are faint and compact (with small angular sizes) having radii between 20 and 30 arcsec. An automated search for less-concentrated candidates over the whole VVV area (bulge and disk) based on the color cuts algorithm (Ivanov et al. 2010 ) is in progress.
Due to our search being directed towards star formation regions along the Southern Galactic plane we found (based on the preliminary photometric analysis) that approximately 85% of the star cluster candidates are younger than 5 Myr. It is hard to esimate the masses of the clusters without accurate distance and age determinations. Taking into account the number of most probable cluster members however, it seems that most of them are intermediate or low mass clusters (<10 3 M ⊙ ). Spectroscopic follow-up is in progress to verify this, and to derive the spectral types and distances of brighter cluster members. Once completed, our 8.3 ± 0.5 10.7 ± 0.7 1.4 ± 0.5 400 ± 50 VVV CL009 4.5 ± 0.3 11.9 ± 0.6 2.4 ± 0.5 200 ± 40 VVV CL039 8.8 ± 0.5 11.5 ± 0.9 2.0 ± 0.7 75 ± 40 VVV CL041 8.8 ± 0.6 9.8 ± 0.7 0.9 ± 0.5 25 − 30 VVV CL047 10.5 ± 0.9 14.5 ± 1.3 7.9 ± 1.3 60 ± 30 VVV CL059 20.0 ± 1.4 10.5 ± 0.8 1.3 ± 0.5 20 − 30 VVV CL070 7.2 ± 0.3 11.5 ± 1.4 2.0 ± 0.9 600 ± 40 VVV CL095 13.9 ± 1.9 12.4 ± 0.8 3.0 ± 1.4 200 ± 40 VVV CL099 13.4 ± 1.6 9.2 ± 0.7 0.7 ± 0.6 20 − 50 VVV CL100 14.6 ± 1.2 13.2 ± 1.4 4.3 ± 1.1 5 − 10 subsequently constructed homogeneous sample will allow us to better trace the star formation process in the inner Galactic disk. 
